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Spin orientation of a two-dimensional electron gas by a high-frequency electric field
S.A.Tarasenko
A.F. Ioffe Physico-Technical Institute of the Russian Academy of Sciences, 194021 St. Petersburg, Russia
Coupling of spin states and space motion of conduction electrons due to spin-orbit interaction
opens up possibilities for manipulation of the electron spins by electrical means. It is shown here
that spin orientation of a two-dimensional electron gas can be achieved by excitation of the carriers
with a linearly polarized high-frequency electric field. In (001)-grown quantum well structures
excitation with in-plane ac electric field induces orientation of the electron spins along the quantum
well normal, with the spin sign and the magnitude depending on the field polarization.
PACS numbers: 72.25.Fe, 72.25.Pn, 72.25.Rb, 78.67.De
I. INTRODUCTION
Spin dynamics of charge carriers and, particularly, pos-
sibilities of manipulating electron spins in semiconduc-
tor structures is attracting a great deal of attention [1].
Much effort in this research area is directed towards the
development of efficient methods of injection and detec-
tion of spin-polarized carriers by electrical means. In par-
ticular, it has been shown that in gyrotropic semiconduc-
tor structures, i.e. structures of symmetry classes which
allow spin-orbit splitting of the spectrum linear in the
wave vector, spins of the free carriers can be oriented by
an electric current flow [2, 3, 4, 5]. This current-induced
spin polarization has been observed in bulk tellurium [6]
and recently in strained bulk InGaAs [7] and GaAlAs
quantum well (QW) structures [8, 9]. Microscopically,
the effect represents a current-induced selective occupa-
tion of the spin subbands, which are split in k-space due
to the spin-orbit interaction. Dynamics of the spin polar-
ization is governed by the spin relaxation time that deter-
mines the rate of carrier redistribution between the spin
subbands. The spin polarization induced by ac electric
field oscillates at the field frequency, its amplitude being
determined by the ratio between the field frequency and
the spin relaxation rate. Under application of ac electric
field of frequency higher than the spin relaxation rate,
the spin polarization vanishes. On the other hand, as is
known, perturbation of the electron gas with ac electric
field causes an absorption of the field by the free carriers.
In systems with spin-orbit interaction this process may
also be spin-dependent [10].
In this paper we show that perturbation of a two-
dimensional (2D) electron gas with a linearly polarized
high-frequency electric field induces spin orientation of
the carriers. The direction of the spin orientation is de-
termined by the field polarization and the explicit form of
the spin-orbit interaction. In particular, excitation with
in-plane ac electric field in conventional (001)-grown QW
structures leads to orientation of the electron spins along
the QW normal, its sign and magnitude depending on
the field polarization with respect to the crystallographic
axes. From the phenomenological symmetry analysis, the
effect under study is similar to the interband optical ori-
entation of electron spins by linearly polarized light [11].
However, in contrast to the direct optical transitions from
the valence to the conduction band, here only one type of
carriers, namely, the conduction electrons, is excited by
the electromagnetic field. Thus, the microscopic mecha-
nism of the spin orientation of 2D electron gas proposed
in the present paper differs from that based on the selec-
tion rules for interband optical transitions.
II. MICROSCOPIC MODEL
Absorption of a high-frequency electric field by free
carriers, or Drude-like absorption, occurs in doped semi-
conductor structures and is always accompanied by elec-
tron scattering from acoustic or optical phonons, static
defects, etc., because of the need for energy and mo-
mentum conservation. In systems with a spin-orbit
interaction, processes involving change of the particle
wave vector are spin-dependent. In particular, the ma-
trix element of electron scattering by static defects or
phonons Vk′k in QW structures contains, in addition to
the main contribution V0, an asymmetric spin-dependent
term [12, 13, 14]
Vk′k = V0 +
∑
αβ
Vαβ σα(kβ + k
′
β) , (1)
where k and k′ are the initial and the scattered in-plane
wave vectors, respectively, and σα (α = x, y, z) are the
Pauli matrices. Microscopically, this contribution origi-
nates from structural or bulk inversion asymmetry simi-
lar to k-linear Rashba and Dresselhaus spin splitting of
the electron subbands in QWs grown from zinc-blende-
type compounds. Due to the spin-dependent asymmetry
of the scattering, electrons photoexcited from the sub-
band bottom are scattered in preferred directions de-
pending on their spin states [15, 16]. This concept is
illustrated in Fig. 1(a), where the free-carrier absorp-
tion is shown as a combined two-stage process involving
electron-photon interaction (vertical solid lines) and elec-
tron scattering (dashed horizontal lines). The scattering
asymmetry is shown by thick and thin dashed lines: elec-
trons with the spins +1/2 and −1/2 are scattered pre-
dominantly into the states with kx > 0 and kx < 0, re-
spectively. Note, that such an electron distribution repre-
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FIG. 1: (Color online). Microscopic origin of the spin orien-
tation of 2D electron gas by a high-frequency electric field.
(a) Asymmetry of scattering under photoexcitation followed
by (b) spin precession in the effective magnetic field leads to
appearance of the average electron spin.
sents a pure spin current [15], i.e. a state where particles
with opposite spins flow in opposite directions, while the
average electron spin remains zero. A net spin orientation
of the electron gas appears as a result of the the subse-
quent spin dynamics of the carriers. The spin dynamics
of the conduction electrons is known to be governed by
spin-orbit coupling that may be considered as an effective
magnetic field that acts on the electron spins [17]. The
corresponding Hamiltonian of the spin-orbit interaction
has the form
Hso =
h¯
2
(Ωk · σ) , (2)
which is similar to the Hamiltonian describing Zeeman
splitting of the spectrum in the external magnetic field.
Of special note is that the direction and strength of
the effective field and, correspondingly, the direction and
strength of the Larmor frequency of the field, Ωk, depend
on the electron wave vector. In this effective magnetic
field the spins of the photoexcited carriers, originally di-
rected according to the spin-dependent scattering, pre-
cess as shown in Fig. 1(b). Electrons with the initial spin
+1/2 and the wave vector kx > 0 are affected by the field
with the Larmor frequency Ωk, while carriers with the
opposite spin, −1/2, and the opposite wave vector are
affected by the field with the frequency Ω−k. Since the
effective magnetic field induced by spin-orbit coupling is
an odd function of the wave vector, Ω−k = −Ωk [17],
the rotation axes for carriers with the initial spins ±1/2
are opposite. As a consequence of this precession the
spin component Sz > 0 appears for the carriers with
both positive and negative kx as is shown in Fig. 1(b),
yielding a net spin polarization of the electron gas. The
spin generation rate under steady-state excitation is de-
termined by the average angle of the spin rotation in the
effective magnetic field, similarly to the appearance of a
perpendicular spin component in the Hanle effect.
III. THEORY
Indirect optical transitions are treated in perturbation
theory as second-order processes involving virtual inter-
mediate states. The compound matrix element of this
kind of the transition with the initial |sk〉 and final |s′ k′〉
states in the electron subband e1 has the form (see, e.g.,
Ref. 14)
Ms′k′,sk =
∑
j
(
Ve1s′k′,jkRjk,e1sk
Ee1k − Ejk + h¯ω
+
Re1s′k′,jk′Vjk′,e1sk
Ee1k − Ejk′
)
.
(3)
Here s and s′ are the spin indices, j denotes the sub-
band of an intermediate state; Ee1k, Ee1k′ and Ejk are
the electron energies in the initial, final and intermedi-
ate states, respectively; Ve1s′k′,jk is the matrix element
of electron scattering, Rjk,e1sk is the matrix element of
electron interaction with the electromagnetic field, and
ω is the field frequency. Spin-orbit splitting of the sub-
bands e1 and j, odd in the wave vector, is neglected in
Eq. (3), since it leads to no essential contribution to the
pure spin current induced by free-carrier absorption.
A dominant contribution to absorption of a high-
frequency electric field in QWs is introduced by processes
with intermediate states in the same subband, e1. Tak-
ing into account the matrix element of electron scattering
within the subband e1 in the form of Eq. (1), one derives
two contributions to the matrix element of the indirect
optical transitions
M
(0)
k′k
=
eA
cωm∗
e · (k − k′)V0 , (4)
M
(1a)
k′k
=
eA
cωm∗
e · (k − k′)
∑
αβ
Vαβσα(kβ + k
′
β) , (5)
where e is the elementary charge, c is the light velocity,
m∗ is the effective electron mass, A = Ae is the vector
potential of the field, e is the (unit) polarization vector.
We assume the electromagnetic field to be linearly po-
larized and, therefore, consider the polarization vector e
to be real. The matrix element (4) determines the QW
absorption coefficient, but does not contribute to spin
phenomena alone, being independent of the electron spin
state. On the contrary, the term given by Eq. (5) gives
rise to spin-related effects under indirect optical transi-
tions because of the spin-dependent scattering. In gen-
eral, a dependence of the amplitude of electron scattering
on the spin can be derived if one considers k ·p admixture
3of the valence-band states to the conduction-band wave
functions and takes into account the spin-orbit splitting
of the valence band. To first order in the in-plane wave
vector, the contribution to the matrix element of electron
scattering by short-range static defects has the form
V
(1)
s′k′,sk =
h¯
m0
∑
j 6=e1
Ve1s′,j k · pj,e1s + k
′ · pe1s′,j Vj,e1s
Ee1 − Ej
,
(6)
where m0 is the free-electron mass, Ee1 and Ej are the
subband energies at k = 0, and pj,e1s is the matrix ele-
ment of the momentum operator. This contribution leads
to spin-dependent terms in the matrix element of electron
scattering which may be rewritten in the form of Eq. (1),
with the coefficients Vαβ given by
Vαβ =
h¯
2m0
∑
ss′=±1/2
∑
j 6=e1
(σα)ss′
(pβ)e1s′,j Vj,e1s
Ee1 − Ej
. (7)
We note that, in accordance with the time inversion sym-
metry, the coefficients of the terms σαkβ and σαk
′
β in
the matrix element of electron scattering appear to be
real in the appropriate basis and coincide, as presented
in Eq. (1). This also follows from Eq. (6), taking into
account that all electron and hole states j are two-fold
degenerate at k = 0. The states j and j ′ corresponding
to the same energy Ej are interconnected by the time in-
version operator. Contributions to Vαβ from the states j
and j ′ are complex conjugate fulfilling the requirements
imposed on the matrix element of electron scattering by
the time inversion symmetry.
Together with the spin-dependent contribution to the
indirect optical transitions M
(1a)
k′k
, a comparable term
comes from the processes with virtual intermediate states
in other, e.g. valence, subbands. This term is given by
M
(1b)
s′k′,sk =
eA
cm0
∑
j 6=e1
Ve1s′,j e · pj,e1s + e · pe1s′,j Vj,e1s
Ee1 − Ej
.
(8)
As is shown, it is governed by the matrix elements of in-
terband coupling responsible for the spin-dependent scat-
tering, Eq. (6). Therefore, its spin-dependent part may
be expressed in terms of the coefficients Vαβ as follows
M
(1b)
k′k
= 2
eA
ch¯
∑
αβ
Vαβ σαeβ . (9)
To summarize, to first order in spin-orbit interaction
the matrix element of the indirect optical transitions ac-
companied by electron scattering from short-range poten-
tials may be presented as a sum of three contributions
Mk′k = M
(0)
k′k
+M
(1a)
k′k
+M
(1b)
k′k
, (10)
with the terms given by Eqs. (4,5,9), respectively.
We assume the frequency of the ac electric field to ex-
ceed the reciprocal relaxation times of the carriers. Then,
the interaction of the electrons with the electromagnetic
field may be treated quantum-mechanically, assuming
that the field induces indirect optical transitions. Ne-
glecting the spin-orbit splitting of the electron subband,
the spin matrix of the carrier photogeneration has the
form (see, e.g., Ref. 14)
G =
2π
h¯
∑
k′
(f
(0)
k′
− f
(0)
k
)[Mkk′M
†
kk′
δ(εk′ − εk + h¯ω)
+M †
k′k
Mk′kδ(εk′ − εk − h¯ω)] , (11)
where f
(0)
k
is the equilibrium carrier distribution function
and εk = h¯
2k2/2m∗ is the kinetic electron energy for the
in-plane motion.
As is shown above, the absorption of the high-
frequency electric field by free carriers results in an
asymmetrical spin-dependent distribution where parti-
cles with the opposite spins flow in the opposite direc-
tions. Such a photoexcitation asymmetry induced by the
spin-dependent scattering does not generally correspond
to the eigenstate of the spin-orbit coupling in the sub-
band. The subsequent rotation of the electron spins in
the spin-orbit interaction-induced effective magnetic field
leads to appearance of a net spin polarization of the elec-
tron gas. We assume the relaxation time of the pure spin
current τe to be shorter than the Larmor precession pe-
riod, Ωkτe ≪ 1. Then, in the steady-state regime, the
spin generation rate is given by [11]
S˙ =
∑
k
τe[Ωk × gk] , (12)
where the Larmor frequency corresponding to effective
magnetic field in QWs, Ωk, is a linear function of the
electron wave vector
Ωk,α =
2
h¯
∑
β
γαβkβ , (13)
and gk is the spin part of the photogeneration ma-
trix (11), gk = Tr(σG)/2.
Finally, assuming that the high-frequency electric field
is polarized in the QW plane, one derives the electron
spin generation rate
S˙α =
∑
βλνµ
ǫαβλ(γβν − 2eνeµγβµ)
Vλν
V0
τem
∗
h¯3
Iη . (14)
Here ǫαβλ is the third-rank antisymmetric (Levy-Civita)
tensor, I is the light intensity related to the vector poten-
tial of the electromagnetic field by I = A2ω2nω/(2πc),
nω is the refractive index of the medium, and η is the
QW light absorbance in this spectral range. The latter
is given by
η =
2πα˜
nω
V 20 Nd
(h¯ω)2
Neκ , (15)
where α˜ = e2/h¯c is the fine-structure constant, Ne is the
electron concentration, Nd is the sheet density of defects,
4and κ is a dimensionless parameter that depends on the
carrier distribution,
κ =
∫
(1 + 2ε/h¯ω)(f (0)ε − f
(0)
ε+h¯ω) dε
/∫
f (0)ε dε ,
and is equal to 1 and 2 for the limiting cases h¯ω ≫ ε¯ and
h¯ω ≪ ε¯, respectively, with ε¯ being the mean electron
kinetic energy.
In the case of elastic scattering by static defects, the
relaxation time τe coincides with the conventional mo-
mentum relaxation time and is governed by the same
matrix element of scattering V0 that determines the QW
absorbance,
τ−1e = V
2
0 Ndm
∗/h¯3 .
Assuming this, the equation for the spin generation
rate (14) can be simplified to the following expression
S˙α =
2πα˜
nω
∑
βλνµ
ǫαβλ(γβν − 2eνeµγβµ)
Vλν
V0
Neκ
(h¯ω)2
I . (16)
It is independent of the structure mobility and deter-
mined by the ratio of the spin-dependent to the spin-
independent parts of the scattering amplitude, Vλν/V0,
as well as by the constants of the subband splitting, γβν .
However, it should be noted, that electron-electron col-
lisions, which do not affect the mobility, can control the
spin dynamics and spin transport of the conduction elec-
trons and decrease the time τe [18, 19].
IV. (001)-GROWN QUANTUM WELLS
The direction of the spin orientation induced by ac
electric field depends on the field polarization and the
explicit form of the spin-dependent scattering and the
spectrum spin splitting. The latter is governed by the
QW symmetry and can be varied. In (001)-grown QWs
based on zinc-blende-lattice semiconductors, there are
two types of k-linear contributions to the spin-orbit split-
ting of the conduction subbands. First, a contribution
can originate from the lack of an inversion center in
the bulk compositional semiconductors and/or from the
anisotropy of chemical bonds at the interfaces (so-called
Dresselhaus term). Second, k-linear spin-orbit splitting
can be induced by the heterostructure asymmetry un-
related to the crystal lattice (Rashba term). Similarly
to the spectrum splitting, Dresselhaus-type and Rashba-
type contributions to the spin-dependent part of the elec-
tron scattering amplitude can be distinguished. Corre-
spondingly, non-zero components of the tensors γαβ and
Vαβ are expressed in terms of the Dresselhaus and the
Rashba contributions as follows
γx′y′ = γD + γR , γy′x′ = γD − γR , (17)
Vx′y′ = VD + VR , Vy′x′ = VD − VR ,
where x′ ‖ [11¯0] and y′ ‖ [110] are the axes in the QW
plane, and z ‖ [001] is the structure normal. Experimen-
tal data indicate that the Dresselhaus and Rashba contri-
butions to the k-linear subband splitting in real 2D struc-
tures are comparable (see references in Ref. 10). Fur-
thermore, the ratio between these terms may be tuned,
varying the heteropotential asymmetry with an external
gate voltage.
Substituting Eq. (17) into (14), one obtains that exci-
tation with the in-plane linearly polarized ac electric field
in (001)-grown QWs leads to orientation of the electron
spins along the QW normal, with the spin generation rate
being
S˙z = 4ex′ey′(γDVR − γRVD)
m∗τe
V0h¯
3 Iη . (18)
The spin orientation (18) depends on the polarization
of the ac electric field, that provides additional experi-
mental means to observe the effect under study. Indeed,
the spin generation S˙z has opposite sign for the field po-
larized along the [100] and [010] crystallographic axes and
vanishes for the field polarized along the [11¯0] or [110]
axes. In general, the dependence of the spin orientation
on the field polarization is given by ex′ey′ ∝ sin 2ϕ, where
ϕ is the angle between the polarization vector e and the
[11¯0] axis.
The spin generation rate given by Eq. (18) requires
both the Rashba and the Dresselhaus contributions to
the spin-dependent scattering and the subband splitting.
In particular, the spin orientation vanishes, if the spin
effects are determined only by the Dresselhaus term, as
happens in the symmetrical (001)-grown QWs, or if they
are related only to the Rashba contribution, as can be
the case of asymmetrical structures grown of centrosym-
metrical compounds.
Finally, we present an estimation for the efficiency of
the electron spin orientation by the high-frequency elec-
tric field. The spin orientation efficiency may be consided
as a ratio of the generated spins to the total energy ab-
sorbed in the structure, S˙/Iη. Following Eq. (18) one
estimates the efficiency as S˙/Iη ∼ 1 eV−1 for the struc-
ture parameters: γαβ/h¯ ∼ 10
5 cm/s, Vαβ/V0 ∼ 10
−8 cm,
and τe ∼ 10
−11 s. This value corresponds with the effi-
ciency of the conventional interband optical orientation
by circularly polarized light, where photons of the en-
ergy comparable to the band gap, Eg ∼ 1 eV, excite
the spin-polarized carriers. The spin orientation by ac
electric field has an advantage that only one type of car-
riers, here electrons, are involved in excitation, allowing
to consider it as a kind of spin injection. Recent progress
in optical spectroscopy of spin polarization by means of
the magneto-optical Faraday and Kerr rotation [7, 9, 20]
allows one to expect that the effect discussed in this pa-
per is observable at present.
In conclusion, it is shown that the absorption of
linearly polarized high-frequency electric field by two-
dimensional electron gas leads to spin orientation of the
carriers. The direction and sign of the spin orientation
5are determined by the polarization of ac electric field as
well as by the structure symmetry.
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